We describe and evaluate a quick and simple technique for purifying plant DNA from a wide range of taxa. The method utilises selective binding to diatomite in the presence of a chaotrope and allows simple, rapid and inexpensive preparation of DNA of length and purity adequate for restriction analysis of nuclear and chloroplast sites, cyclic DNA amplification and other studies. Coupled with recent developments in handling of field-collected plant samples and the development of non-radioactive nucleic acid labelling techniques, this purification protocol facilitates application of molecular systematic approaches in botanical institutions without access to specialised biochemical facilities.
Introduction
DNA sequence data, sampled either selectively through restriction site mapping or exhaustively through cloning and sequencing, have rapidly become an essential tool in systematic botanical research (see e.g. Ladiges and Martinelli 1990, Hillis and Moritz 1990) . A paramount requirement for such studies is appropriate coverage of individuals or taxa. This may necessitate use of material collected in the field at remote sites, or of existing herbarium specimens and may also preclude avoidance of 'difficult' species from which DNA yields are poor in quality and/or quantity. In any case, adequate amounts of DNA containing nuclear and, if needed for the analysis planned, chloroplast sequences must be obtained. The DNA must be of sufficient length and purity to permit analysis of restriction site variation and to allow cyclic amplification of specific sequences.
Plant DNA is generally extracted for systematic and evolutionary studies by procedures derived from the 'hot CTAB* method' of Murray and Thompson (1980) such as those of SaghaiMaroof et al. (1984) , Rogers and Bendich (1985) and Doyle and Doyle (1990) . For many taxa isolation of DNA from the CTAB complex gives a product of inadequate purity, generally where extraction and/or isolation of DNA is hindered by polyphenols and their quinone oxidation products and by carbohydrate polymers (Murray and Thompson 1980; Manning 1991) . Some polysaccharide-like contaminants of crude plant DNA are difficult to detect by non-degradative techniques, interfere with quantitation of nucleic acids, cause anomalous hybridisation kinetics and inhibit the activity of most restriction and other DNA modifying enzymes (Murray and Thompson 1980; Lichtenstein and Draper, 1985) . Thus for most purposes, DNA prepared by the CTAB method from tissues (rather than from isolated nuclei or organelles) requires further purification, typically by CsCl gradient centrifugation (Murray and Thompson 1980; Lichtenstein and Draper 1985; Richards 1987) which is slow and costly. Alternative purification approaches for DNA include differential solvent precipitation (Manning 1991) , but currently this employs a highly toxic solvent requiring special handling and facilities.
The procedure described here combines a hot CTAB extraction (Saghai-Maroof et al. 1984) with purification dependent on the selective binding of DNA to a silica matrix in the presence of a chaotrope (see e.g. Vogelstein and Gillespie 1979; Marko et al. 1982) . This involves four steps: (i) the DNA is selectively bound to the silica matrix in a solution of the chaotrope; (ii) the silica m a t r i x p~~ is washed with chaotrope solution to remove unbound contaminants including RNA, carbohydrates and proteins;
(iii) the silica matrixDNA is washed with ethanol to remove the chaotrope; (iv) the DNA is eluted from the matrix. Combinations of various silica matrices and chaotropes have been successfully employed for DNA purification in other contexts. Vogelstein and Gillespie (1979) used glass powder and NaI. Marko et al. (1982) used glass powder and NaC104. Willis et al. (1990) developed a proprietary matrix with NaC104 to overcome the low binding capacity and unreliable recovery of glass powders. Our method uses diatomite (diatomaceous earth) and NaC104.
Protocols for diatomite preparation and for CTAEVdiatomite purification of plant DNA (Appendix 1) are here presented and evaluated. Test species included representatives of Alloxylon, Embothrium, Oreocallis and Telopea (Family Proteaceae) for which we had found CTAB-extracted DNA to be only rarely and erratically cut by restriction enzymes when used without purification more extensive than removal of RNA and protein. A range of species apparently rich in gums, latex or mucus which give very bulky CTAB/nucleic acid precipitates was also included. It is shown that the method should be widely applicable to extraction of nuclear and chloroplast DNA for systematic studies. The protocol has already increased the diversity of species readily accessible to molecular analysis.
Materials and Methods

Plant Material
The following species (and tissues) were used: Demstaedtiaceae: Dennstaedtia davallioides (R. Tissue samples were either freeze-dried or air-dried, then finely powdered using a small, high-speed, electric coffee grinder, or for smaller collections, using a mortar and pestle with crushed glass. Dried tissues or powdered samples were stored at -20°C over silica gel for up to 6 weeks before extraction, except for samples of Telopea, Oreocallis and Embothrium which were stored in this way for up to 2 years. Leaf powders from freeze dried fronds of Pteridium spp were similarly stored for up to 5 years, with comparable frond samples held for the same period as herbarium specimens at mom temperature. Flower buds of Dipodium were also collected in the field into NaCVCTAB (Rogstad 1992) , transferred to the laboratory at ambient temperatures and stored at -20°C.
Chemicals and Reagents
Diatomite (Dicalite 215, Dicalite 231) was obtained from Grefco Inc., Torrance, California through the Swift, Watts Winter Co., Silverwater, NSW). CTAB and purified calcined diatomaceous earth was supplied by Sigma Aldrich Pty Ltd, Castle Hill, NSW. All other chemicals were of analytical reagent grade. The non-radioactive (digoxigenin dUTP) DNA labelling and detection kit, and deoxynucleotides, were from Boehringer Mannheim Australia Pty Ltd, Castle Hill, NSW. Restriction enzymes were purchased from Promega Corporation, Annandale, NSW and from New England Biolabs Inc. (Genesearch Pty Ltd, Arundel, Qld) who also supplied DNA polymerase (derived from Thermococcus litoralis) for cyclic DNA amplification.
Isolation and Purijication of DNA
Extraction of nucleic acids from air-and freeze-dried tissues of all species listed above was attempted on standard aliquots of 1.0 g tissue powder using the hot CTAB method of Saghai-Maroof et aL(1984) . In addition, nucleic acids were extracted from equivalent amounts of fresh, dry, and NaCllCTAB preserved (Rogstad 1992 ) flower buds of Dipodium using the hot CTAB procedure after grinding the tissue frozen from liquid nitrogen (see e.g. Richards 1987) . Where the CTAB/nucleic acid complex precipitated from the deproteinised extract was stringy, as much as possible was removed using a glass hook for storage in ethanollammonium acetate solution. Any remaining flocculent precipitate, or all the CTAB/nucleic acid complex where no fibrous aggregate formed, was then collected by centrifugation (Appendix 1B).
Crude CTAB/nucleic acid preparations were redissolved as much as possible consistent with limiting opportunity for mechanical shearing and degradation (Lichtenstein and Draper 1985) . DNA was then purified from this solution by either:
(i) incubation at 37OC for 2-3 h with ribonuclease A (100 mg/rnL) and ribonuclease T1 (10 units/ ml), followed by deproteinisation with buffered pheno~chloroform/isoamyl alcohol (25:W.l by vol.), washing with chloroform, and reprecipitation with ethanol or (ii) differential binding to diatomite in the presence of NaC104, according to the protocol shown in Appendix 1B. Diatomite was purified before use as shown in Appendix 1A.
DNA concentrations were determined by ethidium bromide fluorescence using herring sperm DNA standards.
Characterisation of DNA
DNA preparations were subjected to digestion using 6 restriction enzymes with six-base recognition sequences under the conditions specified by the supplier of the enzyme. Cut and uncut samples of each were examined by electrophoresis through 0.8% agarose, transferred by vacuum blotting in 0.4 M NaOH to nylon membrane. The Southern blots were then probed using a 45s rDNA sequence from wheat (pTA250.1) as a nuclear marker, and a segment carrying Atp A from pea to detect chloroplast-derived DNA.
Plasmids carrying these probe sequences were purified using the diatomite procedure (Appendix 1A-B; Marko et al. 1982) . Labelling of probes with digoxigenin dUTP, hybridisation and chromogenic detection followed the supplier's instructions (Boehringer Mannheirn GmbH).
The ability of CTABldiatomite purified DNA to support cyclic DNA amplification was tested using primers covering the 5 s rDNA intergenic spacer region (Appels et al. 1992) . Reactions were run for 30 cycles according to the manufacturer's instructions using a capillary thermal sequencer (Model FTS-IS, Corbett Research, Sydney) and the products were examined by agarose gel electrophoresis.
Results and Discussion
DNA Extraction and Purification
The amount and texture (whether stringy or flocculent) of the initial crude CTABInucleic acid complex obtained by isopropanol precipitation were extremely variable, both within and between species. Of the species tested, only the ferns consistently produced a 'hookable', stringy product at this stage. Whereas 63/67 (94%) of Pteridium samples gave hookable DNArich precipitates, the remainder yielded flocculent products showing little DNA on purification. In contrast, few leaf samples (about 10%) from Telopea produced hookable cmde CTAB/nucleic acid complexes; most samples of Telopea, Alloxylon, Embothrium and Oreocallis provided flocculent products. Material of a number of the other species examined gave copious gelatinous CTAB precipitates at this stage, especially Araucaria and Ficus. The crude CTAB/nucleic acid precipitate was generally white or slightly yellow-brown except in the case of Eucalyptus obstans where a small amount of a highly coloured product was obtained Only Rosa rugosa, Eucalyptus obstans and E. abergiana failed to yield a significant CTABInucleic acid precipitate and could not b e treated further. D N A purified by ribonuclease treatment and phenol extraction from the crude CTAB/nucleic acid pellet obtained from some samples of the fern species listed, and from all of many samples of Samples of all diatomite-purified DNA preparations were electrophoresed in 0.8% agarose/ethidium bromide gels (e.g. Fig. 1 ). Most samples showed an intensely fluorescing band of about 50 kb. A smear of lower molecular weight fragments was evident in some preparations (Fig. 1, lanes 2 (Araucaria) , 5 (Brachysema) and 8 (Acacia). Such degradation was usually associated with difficulty in dissolving extremely compacted or carbohydrate-rich crude nucleic acid pellets and was reduced (with concomitant reduction of yield) in samples subjected to less aggressive handling at this stage.
None of the diatomite-treated samples showed evidence of RNA contamination. Recovered DNA of all species was digested with the restriction endonucleases Bum HI and Apa I, and hybridised with probes from both nuclear and chloroplast genomes. DNA which appeared after purification to be somewhat degraded and heterogeneous in length still proved useful for restriction analysis when tested with a range of enzymes. This is illustrated in the Southern blot of restriction fragments from the Araucaria sample after digestion with Apa I (Fig 2. lane 1) and from Brachysema DNA digested with Bum HI or Apa I (Fig. 2 , lanes 2 and 3) after hybridisation with an 18s-26s rDNA probe. Cyclic amplification of 5S rDNA spacer regions was achieved for the representative species of Embothriinae tested, and for Dipodium, using diatomite-purified DNA as template (results not shown).
We observed no consistent difference in either quality or yield between CTABIdiatomite DNA preparations obtained from air-and freeze-dried tissue stored at -20°C. With both treatments the yield varied greatly from sample to sample for the same species. Dipodium flower buds collected and stored in NaCVCTAB (Rogstad 1992 ) also produced restrictable DNA comparable in quality and quantity to that from dried or freeze-dried samples, and were easily ground when frozen in liquid nitrogen.
Relative Effectiveness of Dzzerent Preparations of Diatomite
Dicalite 215 was prepared according to the standard protocol shown in Appendix 1A.
After centrifuging twice (1 1 600 x g, 15 min) to remove fine suspended particles of diatomite (A325 less than 0.002), the final storage fluid showed A260 less than 0.004 and A230 less than 0.005. No fluorescence above background was detected with ethidium bromide. When Dicalite 231 was used instead of Dicalite 215, the two grades were found not to differ noticeably in their behaviour. Commercially purified, calcined diatomaceous earth (Sigma) was also tested, without further acid washing. This matrix was found to release only about 10% as much DNA as Dicalite 215 prepared following our standard protocol.
Length and Origin of DNA Fragments Recovered from 'Hooked' and 'Pelleted' CTABINucleic Acid Precipitates
Leaf powder of Pteridium esculentum, Calochlaena dubia, Hypolepis muelleri and Dennstaedtia davallioides was extracted using hot CTAB (Saghai-Maroof et al. 1984) . Aliquots of the 'hooked' and 'pelleted' CTAB/nucleic acid complexes were treated through the standard diatomite protocol and the recovered DNA examined by agarose gel electrophoresis. The hooked DNA was consistently of higher average length (about 50 kb) with little smaller, while the pelleted material in each case showed proportionately less main band DNA larger than 23 kb and more smeared smaller DNA fragments, especially from about 4-20 kb. The hooked CTAB/nucleic acid complex yielded 5-20 times more DNA than a fraction subsequently pelleted from the same precipitation mix.
When uncut DNA was probed using a pea sequence including Atp A, chloroplast sequences were found to be concentrated in the main band of both hooked and pelleted DNA, apparently in proportion to the intensity of ethidium bromide fluorescence (results not shown). Palmer et al. (1988) suggested that pelleted DNA may be relatively enriched with respect to chloroplast sequences, but this was not evident in samples from the fern taxa tested here.
Capacity of Diatomite for Recoverable DNA
Hooked CTAB/nucleic acid samples from 8 clones of Pteridium spp were dissolved in TE buffer at approximately 2 mg/mL. A portion (1 mL) of each was treated through the standard diatomite protocol using 300 mL diatomite suspension, so that DNA would be greatly in excess of binding capacity as established in preliminary trials. After elution from the silica matrix, the DNA was ethanol precipitated and redissolved in 1 mL TE buffer. The final yield of recovered DNA was 90-100 mg. The mean dry mass of diatomite (from 300 mL suspension) was 83 mg (range 78-87 mg, n = 8). Thus a maximum of 110-120 mg DNA can be recovered for each 100 mg diatomite used.
Binding Kinetics
A hooked CTABInucleic acid sample from a clone of Pteridium esculentum was dissolved in TE buffer at approximately 100 mg1mL and treated through steps 1-2 in the standard diatomite protocol. 2,5, 10 or 20 min respectively after adding 300 mL diatomite suspension to 1 mL aliquots of DNA solution already mixed with 3 mL binding buffer, the diatomite was collected by centrifugation and 300 mL fresh diatomite suspension added. After 30 min the additional diatomite was collected and the supernatant discarded. DNA was then recovered from each aliquot of matrix following the standard protocol. The relative yield of DNA from each sample of diatomite was estimated by ethidium bromide fluorescence. More than 50% of the DNA was bound within 2 min of adding the diatomite. More than 90% was bound after 10 min: DNA was not detectable from a second aliquot of diatomite when this was added 20 min after the initial treatment. The spectra of lengths of the DNA fragments recovered after varying binding times were indistinguishable when examined by agarose gel electrophoresis.
General Discussion and Conclusions
The coupling of a diatomite purification step to the hot CTAB nucleic acid extraction procedure commonly used for plant samples yields DNA uncontaminated by RNA (Fig. 1 ) and containing both nuclear and chloroplast sequences. The method is cheap, simple, rapid and requires no specialised equipment or facilities. The product is reliably digestible by restriction enzymes even if heterogeneous in fragment length, and serves satisfactorily as a template for cyclic sequence amplification. Further, the diatomite matrix has been applied successfully to other necessary operations involving DNA fractionation and purification such as plasmid recovery (cf. Marko et al. 1982) in the preparation of probes used here Fig. 2 ) and in the isolation of specific DNA fractions from agarose gel slices (not illustrated, see Vogelstein and Gillespie 1979) .
Two sources of difficulty with plant DNA preparations concern initial extractability of nucleic acids and the average size of the purified DNA. Both extractability and quality of the final DNA product are influenced by preservation and storage conditions as well as the procedures used for cell disruption. Cross-linking of DNA-associated proteins due to polyphenolic compounds, and aggregation with carbohydrate polymers (Manning 1991) leads to chemical and mechanical difficulty in releasing the DNA, with inevitable shearing. Degradation due to endogenous nucleases is also implicated (Lichtenstein and Draper 1985) , and is apparently reduced in rapidly dried material (Doyle and Dickson 1987; Liston et al. 1990; Chase and Hills 1991) . The introduction of saturated NaClICTAB as a preservative (Rogstad 1992 ) for tissues to be used for DNA extraction is promising, and worked well in the present study for Dipodium. Storage in the absence of water or in NaCVCTAB at -20°C and dry grinding to minimise shearing are helpful (Murray and Thompson 1980) . DNA yields from older herbarium specimens (Rogers and Bendich 1985) held at ambient temperature must necessarily be lower, and generally of smaller average fragment length, than that from material preserved under more favourable conditions.
In view of these considerations, two problems should be considered in relation to the extraction of DNA from 'difficult' species, notably those with small genome size, high levels of polyphenolic compounds and much polymeric carbohydrate. The first problem concerns achieving an adequate yield of crude CTAB/nucleic acid to permit successful purification of DNA. Yields are highly variable from sample to sample within and between species dependent on tissue age, tissue type, developmental phase and physiological condition as well as on post-harvest preservation and storage. Where adequate DNA is not obtainable e.g. from young expanded leaves, other tissues should be tried, such as shoot or root apices, leaf or flower buds, and callus or shoots from tissue culture. The second problem relates to average fragment length of DNA preparations. Plant DNA extracted for general purposes should be of the order of 50 kb in length (Murray and Thompson 1980; Lichtenstein and Draper 1985; see also Fig. 5 in Manning 1991) . Aside from the problems introduced by preservation and cell disruption mentioned above, shearing inevitably accompanies efforts to dissolve refractory CTAB/nucleic acid pellets (Lichtenstein and Draper 1985) and all mixing and precipitation operations. The diatomite procedure described here provides further opportunity for degradation because DNA binding between matrix particles will be broken on stirring. The success of the method in maintaining high average fragment lengths provided that the matrix is dispersed by gentle stirring (not vortexing) suggests that particle size with this matrix is such as to limit this kind of damage. Tradeoffs between yield and average fragment length, and between slow, careful manipulation and fragment length, are clearly inevitable.
When used to replace CsCl gradient centrifugation, the diatomite purification procedure offers a reliable, cheaper, more rapid and more convenient method enabling the processing of large numbers of samples without access to specialised equipment. Coupled with nonradioactive nucleic acid labelling, detection and sequencing techniques (see e.g. Hillis and
Moritz 1990) such as those we used here, the method should be particularly useful to plant systematists lacking access to specialised biochemical facilities.
